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ABSTRACT
PULSED LASER DEPOSITION OF GOLD ON INTRINSIC (100) GaAs 
WITHOUT EXTERNAL POWER OR MASKING
Name: Beasley, Kenneth David
University of Dayton, 1991
Advisor: Dr. Bernhard M. Schmidt
A Q-switched Nd:YAG laser was used to irradiate intrinsic (100) GaAs immersed 
in a standard, commercial, gold-plating solution. Different energy densities, 
wavelengths and number of pulses were used to initiate the desired gold deposition 
conditions. In contrast to previous methods, lines of gold were deposited without 
external power being applied to the test cell or masking of the GaAs surface. 
Current-voltage (I-V) curves were taken to determine the type of contact, either 
ohmic or Schottky, created at the GaAs-Gold interface and the gold line resistance. 
Ohmic contacts were created at all energy densities. As expected, the larger number 
of laser pulses produced the lower resistance lines of gold. A nearly linear resistivity 
versus energy density plot was obtained with energies above a critical formation 
energy density. No significant difference, in resistivity, was noticed in the lines of 
gold formed with either the 1.061 or 0.531 gm wavelength, using the same energy 
density.
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INTRODUCTION
During the past few years, the demand for Gallium Arsenide (GaAs) 
semiconductor substrates has increased/8) The increased demand for various 
optoelectronic devices and high speed integrated circuits (IC’s) is a result of the 
superior characteristics of GaAs for these applications. When compared with silicon, 
these desirable characteristics include higher electron mobility (8600 cm2/(VSec) 
versus 1350 for silicon) and no requirement for a potentially charge gathering 
insulating layer. A problem arises when present methods of metallization and 
contacting, employing a relatively high heating process followed by a subsequent 
cooling process, are used. Problems are exacerbated if this type of manufacturing 
process is used on a faulty circuit which could be salvaged by a minor repair. In 
most cases minor repairs are not possible and the entire device must be scrapped. 
One of the primary difficulties is the difference in thermal expansion coefficients 
between the semiconductor and the contacting metal. The expansion coefficients are 
usually different enough to cause fracturing of the contact, if special care in 
processing is not taken.
1
2The history of metal contacts on semiconductors begins in 1874 with the work of 
Braun on copper and iron sulphide. It was not until 1906 that Pickard received a 
patent for a point-contact detector using silicon. In 1907 Pierce published his work 
on the characteristics of diodes created by sputtering metals onto a variety of 
semiconductors. It was not until 1931 that Schottky, Stormer and Waibel began 
theoretical work to explain the effects observed with the metal-semiconductor 
junction. Work has continued but it has only been in the last several years that the 
tools necessary to investigate the junction have been developed/18)
The work to investigate IH-V systems, like GaAs, has mostly focused on ultra-thin 
films. Typically the semiconductor surfaces were prepared by heating and then 
cleaving them in a vacuum. The films were prepared by sputtering and annealing or 
by molecular beam epitaxy (MBE). The analysis of Schottky junctions of thick film 
contacts on III-V semiconductors has been carried out using current-voltage (I-V), 
capacitance-voltage (C-V) and photoresponse techniques, among others. This study 
deals with the thick film contact composed of many atomic layers. The I-V method 
of analysis was used with this work to determine the resistance of the deposited gold
line resistance.
The heating process used in manufacturing and repair can lead to changes in the 
electrical characteristics of the substrate caused by driving the low vapor pressure 
arsenic from its lattice sites. This can change the material from intrinsic to p-type
3semiconductor, radically changing the device structure and operation. This difficulty 
can be overcome by the use of a pressurized gas source of arsenic. The arsenic 
overpressure prevents the arsenic in the material from outgassing. There are 
significant potential hazards from the arsenic overpressure due to arsenic’s toxicity 
and the requirement to confine the arsenic within a heated oven. Even when the 
arsenic toxicity and confinement problems are controlled, the GaAs material is still 
heated and other undesirable bulk and surface changes may occur to the devices, 
including movement of the dopant material (ion migration). The alternative to using 
an overpressure of arsenic gas is to cap the device with an impervious layer of 
another material. But being impervious it also prevents further processing of the 
device or repair or modification of it with the impervious layer over the device.
Without special precautions, the heating and cooling cycle can cause the contacts
on the semiconductor surface to fracture. This is a result of the difference in thermal
expansions of the contacts and the GaAs. Mechanical strain introduced by the 
thermal cycling process into the GaAs crystal and device structure can cause devices 
to fail. The device contacts can be either ohmic or Schottky barriers depending upon 
the processing and care taken during processing. The contact type can be altered by 
the heating and the thermal cycling of the repair process.
Interfaces formed between metals and semiconductors are complicated and 
"highly dependent" upon the preparation procedure. The contacts, in many cases, are
4applied to surfaces contaminated with unknown contaminates, with varying effects on 
the contacts and interfaces/19) As can be seen from this discussion, the metallization 
and maintenance of either ohmic or Schottky barrier contacts is not simple/8,9) 
particularly for a repair.
The vast majority of electrical (metal) contacts on semiconductors are made by 
evaporation or sputtering. Evaporated contacts require a vacuum system pumped by 
a diffusion pump to around 10‘5 Torr. In order to reduce the possibility of surface 
contamination most systems employ a liquid-nitrogen trap in their vacuum line. To 
ensure an atomically clean surface would require the semiconductor to be cleaved 
in an ultra-high vacuum system of around 10‘10 Torr. A sample in a vacuum of 10"5 
Torr will build a monolayer of surface contamination in at most 100’s of seconds. 
Shorter times in the IO’1 second range have also been reported. A cleaved surface 
exhibits severe, undesirable, mechanical damage to the surface as a result of the 
cleaving process. The result of the damage caused by the cleaving process is that it 
is not a preferred method for device fabrication since the damage must be eliminated 
in order to obtain consistent device yields.
Sputtered contacts are beginning to supplant evaporated. The quality of 
sputtered contacts is dependent upon the sputtering voltage, RF frequency of the 
sputtering voltage, sputtering time, buffer gas mixture and both the target and source 
materials. Surface oxides and contaminants can be removed by sputter cleaning in
5a gas atmosphere as high as 0.1 Torr. Defects, at or near the surface, are created by 
the sputtering process/20) The degree of damage is dependent upon the sputtering 
parameters of voltage and time.
Laser induced chemical and electrochemical reactions on metallic and
semiconductor substrates immersed in an aqueous solution, have received some 
attention for possible use in microelectronic device fabrication/1-7) When compared 
with sputtered or evaporated contacts, plating contacts using electroless or other 
solutions has received little attention. One of the reasons is that the currently used 
methods of contacting are easy to implement and are compatible with current 
manufacturing techniques. A great deal of information is not available for chemical 
deposition techniques. The supposition for this lack of information is that some of 
the techniques are not compatible with further semiconductor processing steps and 
those that are would be considered trade secrets by the companies developing them. 
High speed, highly selective, laser induced electrodeposits of nickel, copper and gold 
from aqueous solution on metallic substrates for some applications have been 
reported. Such applications include personalization and repair of micro-sized 
circuits/2,3) The previous studies made use of a continuous wave Argon laser, with 
commercially available plating solution, to enhance both electroless and 
electroplating depositions in three-electrode electrochemical cell. The use of a 
gaseous source has also been reported/22)
6Pulsed laser induced metal or alloy deposition from aqueous electroplating
solution on semiconductor substrates for the formation of conductive lines as well as 
ohmic and Schottky barrier contacts have been reported/1,4’5,22) These investigations 
demonstrate that semiconductor substrates such as Indium Phosphide (InP),(1) Silicon 
(Si)(4) and GaAs(5) could be selectively plated with Platinum (Pt), Gold (Au), Nickel 
(Ni), or Palladium (Pd) from aqueous solutions. Furthermore, photoelectrochemical 
methods for deposition of metallic films from standard aqueous solution on GaAs 
and Si substrates were carried out with an electrical power supply and a 100-W 
tungsten-halogen lamp.(6) Photodeposition of Au, Ni, Copper (Cu), and Pd were 
investigated on GaAs and Si/6) Photoelectrochemical etching processes of GaAs in 
an aqueous electrolytic solution assisted by a Helium-Neon (He-Ne) laser beam, 
irradiating the surface of the wafer at a fluence of 0.75 Watt/cm2 were also carried 
out in other studies/7) "The formation of ohmic contacts is still more of an art than 
a science, and every laboratory tends to have its own recipes..."(21)
The direct laser writing of metals onto semiconductors has one major 
disadvantage when compared to conventional processing methods. Direct writing is 
much slower. It does have advantages over conventional processing techniques 
including low temperature and localization of the photo/chemical deposition process. 
This advantage can be exploited in the modification or personalization of circuits and 
the possibility to repair a defective region of a circuit.22
7The research work for this thesis has been conducted to examine the feasibility 
of obtaining direct metal or alloy deposition on intrinsic GaAs using the energy of 
the laser pulse only. This is to be accomplished with a pulsed Neodymium, Yttrium, 
Aluminum, Garnet (Nd:YAG) laser irradiating a GaAs surface. The GaAs is 
immersed in a standard, commercial gold-plating solution. The primary objective is 
to obtain continuous, homogeneous and reproducible conductive metallic lines of 
gold on intrinsic GaAs. A second objective is to examine the type of contacts 
formed. From the results of previous studies these contacts will be either ohmic or 
Schottky barriers.
In this thesis, results are presented of pulsed laser induced selective gold plating 
from an aqueous electroplating solution on undoped GaAs. The procedure used 
utilized no external power supply and was accomplished without masking of the
semiconductor material. Possible mechanisms involved in the laser induced
electrodeposits from aqueous electroplating solutions, particularly on semiconductor 
substrates, are also discussed in the body of this thesis.
CHAPTER I
EXPERIMENTAL SETUP
The conceptual setup of the physical experiment is shown in figure 1.
OPTICS
Computer Control Laser Beam
Figure 1 - Conceptual Setup of Experiment
Conceptually the laser was fired by the computer, the selected number of laser 
pulses were attenuated by the appropriate optical filter(s) to result in the desired 
energy density on the sample. The beam then passed through the focusing and
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9turning optics onto the sample chamber. The optics are anti-reflective (AR) coated 
to reduce the laser energy being improperly reflected by uncoated optics, causing a 
reduction in the energy reaching the sample. More importantly the AR coating 
prevents multiple images of the laser beam, displaced in space, from striking the 
sample surface. This displacement would result in a smear of beams striking the 
surface and not one crisp laser spot.
The beam is focused on the sample positioned on the computer controlled X-Y 
table. The computer moves the X-Y table once the desired fluence is delivered to 
the current sample spot. The computer determines when to move the X-Y table by 
tracking the number of laser pulses delivered to the sample. If there is a problem 
the computer and laser would revert to a safe operating mode. The safe operating 
mode was the laser power supply discharged, so the laser could not fire.
The purpose of this study was to examine the effect of energy density, wavelength 
and number of pulses (fluence) on the deposition of gold onto GaAs. To examine 
the effects of energy density on line deposition properties, it is necessary to change 
the energy-per-pulse contained in the laser beam. This could be accomplished by 
changing the oscillator and amplifier Xenon flashlamp voltages or the use of optical 
filters placed in the beam paths. Altering the flashlamp voltage changes the lasing 
efficiency, resulting in changes to the beam structure.
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Changing the voltage would also change the laser pulse width. Changing the 
flash lamp voltage would also introduce other variables into the study. For these 
reasons, variation in the flashlamp voltage is undesirable. Therefore the use of 
optical filters is indicated, for the reasons outlined in the overview of the experiment 
setup above.
The energy measured both before and after the optics, including the turning 
prism, was identical, within experimental error. Both the lens and the turning prism 
are AR coated to reduce the effect of undesirable reflections. The laser provides the 
energy to disassociate the constituents in the liquid plating solution and the beam 
also provides the energy to generate the electron-hole pairs responsible for 
deposition of the gold metal.
Two wavelengths of laser light were available. The fundamental 1.062 was 
frequency doubled to 0.53 Itim by the use of a frequency doubling crystal. The two 
wavelengths were separated by the use of dichroic mirrors. This allows one 
wavelength to pass and the other wavelength to be reflected. This will be discussed 
further in this paper.
The computer controlled x-y table was a commercially available, high precision 
unit (SMART ™ICNC) manufactured by Aerotech, Inc. for use in precision 
machining. It uses its own mnemonics for control of both the x-y table and the laser.
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A movement of 1 mm of the x-y table in the positive x direction would be expressed 
as xlOOO, where x is the direction and 1000 is the number of micron units to move. 
The x-y table has a stated reproducibility of 1 micron (lxW6 m). During actual 
operation the variations in movement of the table were not observable. The actual 
computer program that controls the x-y table and laser firing was unavailable for
inclusion in the thesis.
The computer program falls under Air Force Regulation 300-6, limiting the 
distribution of software documentation to the Department of Defense, only. This 
project is also associated with research being conducted by the Air Force on infrared 
detectors and materials so the computer program is also covered under the Export 
Control Laws of information for the manufacturing or using munitions of war, further 
restricting the availability of the computer program.
The sample test cell consists of the focussing optics, the turning optics (prism) 
and sample holder (figure 2). All of the optics were AR coated to reduce the energy 
reduction caused by reflection. A glass cover over the sample holder was used to 
prevent liquid splash-back. Splash-backs occur in the sample holder along the 
vertical laser beam path and could range from 10-15 cm (4-6 in). Splash-back is 
caused when the laser pulse causes rapid, intense heating at the sample surface. The 
continued laser pulse creates a plasma which expands away from the solid surface. 
The plasma displaces the liquid above the sample surface, as the plasma expands up
12
and away from the solid surface, very rapidly. Steam is also created as the plasma 
heats the aqueous solution and the steam expands away from the surface adding to 
the force of the liquid being forced away from the sample surface.
Focusing
Sample
Figure 2 - Test Cell-Turning and Focusing Optics
An opaque cloud was created in the solution when the laser was fired into the 
sample holder with the sample present. The cloud would dissipate within 2-3 seconds
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after the laser pulse stopped. A high purity (99.99%) nitrogen gas was used to blow 
gently across the surface of the liquid to create a current in the liquid. This current 
removed the opaque reaction products from the vicinity of the laser beam impact 
area. The cloud would dissipate rapidly (much less than 1 second) in the solution 
with the current in the liquid. If the opaque reaction products were allowed to 
remain in the laser impact area, they would absorb the laser energy and would not 
allow deposition to take place.
As a safety check of the laser impact point, a low power (1 mW), continuous 
wave (CW) Helium-Neon (HeNe) laser was injected along the optical path of the 
Nd:YAG beam. The impact point would be illuminated with the red glow of the He­
Ne beam. This gave constant reference to the impact point of the higher power 
Nd:YAG beam on the sample surface. The HeNe was injected very far from the 
sample in the optical path. The laser intensity was reduced significantly from the 
initial 1 mW. The optics were not AR coated for the red wavelength of the HeNe 
so this further reduced the intensity of the beam.
As a check on the effect of the power contained in the HeNe beam on the 
formation of the gold line several experiments were conducted with and without the 
HeNe. The gold lines were examined to determine whether there was a difference 
between those formed with the alignment beam and those not formed with the red 
beam. The different conditions were done on the same piece of GaAs, using the
14
same gold solution. As expected a difference between the gold lines formed with or 
without the red alignment laser did not exist. This was reassuring, because if there 
was a difference the formation mechanism would be much more complicated and 
sensitive to variables in the formation conditions than had initially been anticipated.
The experiment itself consisted of single or multiple pulses of the laser with 
variable (but selected) spot overlap percentages. The experiment would be repeated 
and the solution changed to ensure the metal was not being depleted from the 
solution and thus change the results from experiment to experiment.
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Sample Preparation
Semiconductor GaAs flat specimens 15 mm x 15 mm in size were prepared from 
3 cm circular (100) GaAs wafers manufactured by Airtron. The use of (100) wafers 
ensured the (111) face would be exposed. This face would be either As or Ga rich 
since GaAs forms in alternate sheets of atoms. The smaller sized samples were 
easier to handle and reduced the possibility of contamination of the sample surface. 
The samples were fabricated by "scoring" the wafer with a razor knife. The GaAs 
wafer was sandwiched between two panes of glass with the scored line at the edge 
of the sandwich. The exposed wafer is tapped to break it along the scored line. This 
did not always occur. The two glass plates were used in an attempt to prevent the 
wafer from breaking along the cleavage planes present in the wafer (figure 3).
Glass Plate
Glass Plate
Scored Line
◄---Water
Figure 3 - Scored Wafer Line
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The cleavage planes are structural defects in the wafer along which the wafer will 
preferentially fracture. Oddly shaped sample pieces resulted when fracture occurred 
along the cleavage planes. Some of the smaller pieces were used as test samples to 
verify alignment of the laser and experimental procedure when the experiment was 
interrupted for higher priority work. Both the desired and the remaining oddly 
shaped pieces were used as samples for this project. The possibility of contamination 
of the samples arose from having reaction products in the gold plating solution 
remain on the sample surface for extended periods of time.
In spite of cleaning, after the sample is removed from the plating solution, 
reaction products could still adhere to the surface of the GaAs. If there were 
reaction products present on the surface, this could change the analysis of the gold 
deposited by either enhancing or reducing the deposition reaction process or 
interfering with the analysis of the deposited lines of gold or by modifying the 
substrate material. The changes in gold deposition could depend on the time 
between the usage of the same GaAs sample, light exposure, or atmosphere 
exposure. The possible effect of this process was beyond the scope of this work, but 
none appeared to affect the experimental results. The smaller samples were used 
once in a single experiment. The sample would then be cleaned, examined and 
tested. The samples were cleaned by flowing high-purity deionized water across the 
sample surfaces, then cleaning the sample holder and repeating the experiment with 
another sample. The samples were dried with high-purity, dry nitrogen gas flow.
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Laser Induced Plating Procedures
Highly polished semiconductor specimens of intrinsic GaAs were washed 
thoroughly with deionized water and dried completely with high purity, dry nitrogen 
before being placed in a clear, dry, plating cell. The specimen was secured to the 
bottom of the cell by a small piece of cellophane tape across a corner of the 
substrate surface. The glue in the tape did soften, while it was in the solution, if the 
tape was not firmly pressed down on the substrate and test cell floor. The test cell 
was then filled with Aurospeed CVD gold plating solution to a level 5 mm above the
GaAs substrate surface.
The fresh solution absorbed virtually none of the laser energy. This was tested 
with a laser energy meter placed in line with the laser beam and after a test cell 
(cuvette) containing 5 cm of the solution. The energy levels before and after the test 
cell, measured over a wide range of energies, were identical and well within 
experimental error. The plating solution was at room temperature. Neither external 
power nor masking was used before or during the plating process to assist the 
deposition of the gold or restrict the area in which deposition took place.
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The energy desired was obtained by the use of absorbing optical filters placed in 
the path of the constant energy Nd:YAG beam. The effective beam size was 
estimated by placing a piece of very light sensitive paper with a low ignition 
temperature in the position that the sample normally would be placed. This "bum 
paper" was manufactured by Kodak, under the trade name Kodak Linagraph Direct 
Print Type 2295 Extra Thin paper. When the laser beam hit the paper, it would 
vaporize a spot in the shape of the beam. The focusing lens was moved to obtain the 
desired beam diameter of 0.5 mm, at the desired energy per pulse.
By inspecting the surface of the test samples the laser spot sizes of the "bum 
paper" and on the sample were the same, within observable limits at 10X 
magnification. Once the testing and alignment of the laser was completed, a sample 
was placed in the specimen holder. The specimens were exposed to laser radiation 
at various energy densities and wavelengths. This produced deposits under computer 
control at various locations on the substrate surface. The computer is shown 
schematically in figure 4.
The computer program fired the laser one or five times to deposit gold. The 
number of laser pulses per spot was determined before the formation of the gold line 
was initiated. The different number of pulses was to determine the effect of multiple 
pulses on the formation of the gold lines. The x-y table stepped and repeated the 
process to obtain a gold line approximately 1 cm in length. The program stepped the
19
beam to the side and repeated the process back up the plated line and overlapping 
it by a fixed amount. This resulted in one line of gold approximately 0.5 mm in 
width and 1 cm in length with each laser spot group overlapping by 95% of the spot 
diameter (figure 5).
Beam 
Separation
and
Turning
Optics
1.062/ 
0.531 um 
Selection
Figure 4 - Experimental Setup with Computer
20
Figure 5 - Laser Spot Overlap and Experimental Lines
After the various laser energy densities were employed at a given wavelength on 
the specimen surface, the used plating solution was discarded. Both the specimen 
and the plating cell were rinsed thoroughly with high purity deionized water. 
Following the rinse, they were dried with high purity nitrogen gas and then allowed 
to air dry completely.
21
Electrical Measurements
With the introduction of gold onto the GaAs surface, the electrical conduction 
through the gold and into the semiconductor will either be ohmic or Schottky barrier. 
The laser energy is capable of breaking the chemical bonds of the GaAs 
semiconductor. The arsenic, of the GaAs, has a low vapor pressure and can be 
driven away from the sample surface leaving a Gallium rich, p-type surface. Both the 
application of gold on p-type GaAs and the vaporization of the arsenic can create a 
Schottky barrier at the junction of the GaAs and gold.
To test whether the contacts are either ohmic or Schottky barriers, the laser 
process was modified to create two identical laser lines separated by 1 mm. This 
allowed the use of the 2-point probe to test whether the contacts are either ohmic 
or Schottky barrier contacts (see figure 6).
Figure 6 - Two-Point Probe Technique
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To properly log the experimental data, each deposited line was identified by the 
experiment’s number. The first deposited line was labeled with the experiment’s 
number and the second with the experiment’s number primed. The lines are both 
identical in formation conditions and so indicated by using the same number, but 
distinguished by the prime notation as to which was created first and second. 
Multiple experiments were conducted on the same piece of GaAs. The experimental 
lines were recorded as shown in figure 5.
Electrical properties of laser induced gold electrodeposits on GaAs 
semiconductor substrates were characterized and evaluated. Electrical measurements
of these deposits were conducted using the two point probe method. The input 
signal of the two-point probe was a ramp voltage. Two tungsten probes 0.5 mm in 
diameter were used to obtain the current-voltage curves (I-V). The electrical 
measurements were displayed by a Tektronix Model 576 curve tracer. The distance 
between the two probes, while measuring on and along deposit line, was 1 mm. The 
slope of the I-V curves was used to obtain the deposit resistance using a variation in 
the representation of Ohm’s law (R =aV/aI).
Measurements were also carried out with one probe in contact with one 
deposited line and the second probe placed on the adjacent deposit line formed
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under identical conditions. I-V curves were made. From the shape of the I-V curve, 
the GaAs gold junction would be characterized as either Schottky or ohmic.
The two-point probe technique is a standard test to determine the current-voltage 
(I-V) characteristics of a material. The two-point probe applies a periodic ramp 
voltage to the probes and measures the current through the probes. The I-V 
relationship is displayed on an oscilloscope. The I-V characteristic is dependent 
upon the inherent property of the material; its conductivity. Conductivity is 
independent of the physical configuration of the material. This assumption of shape 
independence holds if the material or sample under study is a solid shape and is not 
filled with holes and voids. Resistance by contrast is a property of the material 
configuration and follows the relationship:
R = p(flA) W
where :
R = resistance (ohms)
p = resistivity (ohm-cm)
1
conductivity
I = length of conduction (cm)
A = conduction cross-sectional area (cm1)
24
Figure 7 - Equipotential Lines
The quantities that are measured, conduction length and cross-sectional area (1 
and A), are critical to the determination of the resistance. Blindly measuring the 
length and the cross sectional area may not result in the resistance being calculated 
properly.
There are several problems associated with using the physical measurements of 
a system under study without knowing and using the assumption made in deriving this 
simple formula. The most important assumption is the current through the cross- 
sectional area is uniform (figure 7). Non-uniform current density could occur as a 
result of a non-uniform resistivity in the cross section under study (different density 
of conductive materials) or voids in the conductive material. A second assumption
is that the conductive cross-sectional area is much smaller than the distance between
probes. In this case the length between probes is fixed at 1 mm. The cross-sectional
25
area has sides measuring 0.5 mm by 1800 A. The ratio between the area and 
distance between probes is more than adequate to meet this assumption. The 
current flow will be inversely proportional to the resistivity of the material. If there 
were non-homogenous deposit regions, where the gold had voids or few atoms, the 
current density could get high enough to result in temperature dependent effects (by 
current heating). This would result in overwhelming the intrinsic material effects. 
The derivation for the simple equation for the resistance is shown on the next page.
i = ? = = neAK,
t J_ d
where: i = current 
q = charge
t = the time the charge moves past a given point.
and: A = the cross-sectional area
1 = the length through which the current flows 
n = the number of charges per unit volume 
e = the charge
Vd = the drift velocity of the charge.
26
(3)
where:
p = resistivity
J = (I/A) (4)
E= (V/l) (5)
J = the current density
E = the electric field
V = applied voltage
1 = length of conductor
= resistivity
= (V/1)/(I/A) (6)
= (V/l)/((neVd)/A) (7)
= V/^eV,) (8)
= R(A/i) (9)
By simple manipulation of the equation 9 the resistance R from equation 1 can 
be obtained. As can be seen from the previous derivation, there is much more 
subtlety involved in determining the resistance of a deposited line than simply 
measuring a couple of physical parameters and a couple of electrical parameters and 
throwing the results into some equation. If the current were not uniform across the 
cross-sectional area, it can be seen, from the above formulations, that the electric 
field will not be uniform. The resistance equation assumes that the current and 
electric field is uniform across the cross-sectional area (see figure 7). If the 
current/electric field were not uniform, the determination of the resistivity would 
involve the use of involved calculations and analyses to determine the exact non­
uniformity and its effect on the current through the cross-sectional area and its 
associated electrical field across the area. To avoid the use of complicated analysis,
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one tries to minimize the non-uniformity in current and electrical fields in order to 
use the assumption of uniformity and simplify the analysis.
In order to assume a uniform current density for the use of the two point probe 
method, several operational criteria are established. The first criterion is that the 
thickness of the film should be much less than the distance between the two probes. 
The ratio between the distance between probes (1 mm) and the thickness of the film 
(1800 A) is usually required to have a ratio of 10 or more to one. The second 
criterion is that the width (0.5 mm) of the film under study, like the thickness, using 
the same argument, should also have a ratio of 10 or more to one, between the 
length (1 cm) and width of the film. Both these criteria were met by the design of 
the experiment.
If the ratio is less than 10, an error in the exact value of the resistivity is 
introduced. The error is expressed as a constant factor or function multiplying the 
derived resistivity. The correction factor depends upon the geometry of the probes 
and the gold films, under study. The precise analysis of this correction factor is 
beyond the bounds of this study. Further information can be obtained from ASTM 
and NIST publications on resistivity measurements and any number of journal
articles.
CHAPTER II
MATERIALS
GaAs
GaAs is an intrinsic semiconductor with a diamond atomic structure and a
bandgap of 1.4 eV. When the material is made into samples, the surface is either 
arsenic (As) or gallium (Ga) rich. This causes the surface to be either p-type or n- 
type due to GaAs cleaving along the GaAs boundary. The GaAs used in this 
experiment was manufactured by Airtron Inc. It had a resistivity of 107 ohm-cm with 
a thickness of 1 mm. The crystal orientation was (100).
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Figure 8 - Gallium Arsenide Structure (After W. Shockley.28)
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Electrolytic Plating Solution
A commercially available potassium gold cyanide electroplating solution was used 
in the experiments. The solution was produced by Lea-Ronal Co., Freeport, New 
York under the name of Aurospeed CVD Electroplating Gold Solution. The 
solution is a commercial solution for plating cobalt hardened 23.9 Karat gold. It is 
used in plating connectors and contacts according to military specifications.17
The solution was made by combining Aurospeed CVD Gold Salts with 
Aurospeed Makeup liquid and deionized or distilled water. The amount of 
Aurospeed Makeup liquid to water is in a 3 to 1 ratio. The salts contain 20.5 g/1 of 
gold metal. The solution is pre-buffered to an optimal 4.75 Ph as recommended by 
the manufacturer’s specifications. The 4.75 pH gives optimum plating conditions for 
their specified plating uses. No measurable change of pH of the bulk sample 
solution was observed throughout the experiment. The used solution was discarded 
frequently to avoid contamination and exhausting the gold in the solution or changing 
the chemistry of the solution.
CHAPTER III
MECHANISM
Laser induced chemical or electrochemical reactions can be characterized, in 
simplistic term, as photoelectrochemical etching(7) and photoelectrochemical 
deposition/6^ Examples of this would be etching or metal deposition from standard 
aqueous electroplating solution onto a semiconductor substrate.
The mechanism of metal electrodeposition, with pulsed laser irradiation, on 
semiconductor substrate immersed in standard electroplating solution, without 
external power supply, has been postulated to occur in three major stages. The 
deposition mechanism has been postulated earlier by Dr. Zahavi, et al/4r5) and other 
investigators have reported similar work/1,6,7,22) These three major stages are:
A. Deposition of metal atoms from the electroplating solution on the 
semiconductor surface (i.e. gold on GaAs).
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-Electrons are photogenerated into the semiconductor conduction band on 
the GaAs surface in the areas irradiated by the laser beam.
-Metal ions are chemically reduced by the photogenerated electrons. 
Deposition of the metal occurs in the irradiated zones.
-These cathodic reactions deposit a layer of electro-deposited metal without 
the use of external electrical power supply.
B. Surface heating and melting is followed by interdiffusion of deposited atoms
into the semiconductor substrate.
-Melt duration time of the irradiated semiconductor surface far exceeds, 
by order of magnitude, the laser pulse duration time/9,10)
-Fast interdiffusion of deposited atoms takes place advancing deeply into 
the molten semiconductor substrate through its melted surface 
layer/4,10)
C. Liquid phase regrowth and formation of alloys or compounds of the
semiconductor material with the deposited diffused elements/4,9,10)
-Termination of the laser pulse is followed by a rapid cooling of the molten 
semiconductor material/11) This results in the formation of alloys or 
compounds as well as recrystallization of the molten material.
33
Mode of Laser Induced Gold Electrodeposition
To summarize the three steps for these experiments, gold deposition on the GaAs 
semiconductor substrate, immersed in the standard electroplating solution, resulted 
from photoelectrochemical reactions. This took place at the interface of the 
semiconductor and the electroplating solution. Following the laser-GaAs 
semiconductor interactions, photogenerated electron-hole pairs were produced at the 
irradiated areas. This was detailed in the first stage of the deposition mechanism. 
The 0.53 gm laser beam consisted of photons with an energy (2.34 eV) greater than 
the semiconductor, GaAs, bandgap ( 1.43 eV direct); therefore, electron-hole pairs 
were generated very effectively.The 1.06 /xm laser beam photons were coupled 
directly into the GaAs crystal lattice, since their energy was less than the band-gap 
energy of the GaAs semiconductor.
The photogenerated electrons were consumed by gold based cations in the 
electroplating solution. This resulted in gold atoms being deposited on the irradiated 
GaAs surface. This deposition of gold on the GaAs was the objective of the study.
The possibility exists that a mechanism different than the ones proposed is 
responsible for the deposition of gold on the semiconductor surface. The possibility 
also exists that different mechanisms are responsible at different phases of
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deposition. One could be responsible for the initial deposition while another is 
responsible for the formation of the bulk of the gold on the initially irradiated 
surface. Many other mechanisms are feasible for the deposition of the gold.
Operational Conditions - Plating Procedures
The laser was operated at two wavelengths. The first being the fundamental 
1.062/xm wavelength for an Nd:YAG laser and the second wavelength, the second 
harmonic of the fundamental, is 0.531/im. The laser beam had a pulse duration of
15 ns and the laser beam was focused to a beam diameter of 0.5 mm. The beam
profile was Gaussian with diffraction rings. Specimen irradiation was conducted at 
the rate of 5 laser pulses per second. Each run consisted of 1 or 5 pulses at a given 
irradiated spot. The x-y table was used to obtain overlapping spots of 95%. The x-y 
table was run at an average speed of 20 cm/minute. A delay was programmed, so 
that the x-y table would step 5% of the diameter of the laser beam and stop until the 
next series of laser pulses. This mode of operation resulted in a 95% overlap of 
spots and produced a continuous deposit line of approximately one cm in length. 
The table would then step to the side 5% of the beam diameter and repeat the 
procedure in the opposite direction back up the deposited line. Therefore, a deposit 
line would consist of two rows which overlap by 95% (figure 5).
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Laser energy density at the surface of the substrate samples could be controlled 
and changed by inserting absorbing filters between the laser beam source and the 
optical lens. These filters are Pyrex glass produced by the Coming Co. They 
consisted of various types as described in the table 1. Making use of these filters 
allowed a controlled laser energy density from 0.1 Joule/cm2 to 2.0 Joule/cm2, as 
measured with the laser power meter. Using the filters also permitted the laser 
operating conditions to remain constant throughout all of the experiments.
Table 1 - Types of Absorbency Filters.
Filter Coming Physical
Number code # Color
1. 2030 black
2. 2043 amber
3. 4445 blue
4. 3486 yellow
5. 3387 pale yellow
6. 2540 dark black
7. 3391 pale/clear
CHAPTER IV
DISCUSSION
Deposit Electrical Properties
Current-voltage curves of laser induced gold electro-deposit lines on GaAs 
semiconductor substrate were obtained by two-points probe measurement along each 
line. The calculated linear slope of these lines gave the values of line resistances. 
The results are shown in figures 9-11.
At least two and sometimes three measurements were made on each deposit line 
and their average value was calculated. There were at least two deposit lines of the 
identical formation condition (same energy density and fluence) on which the 
electrical measurement was conducted. The average values were correlated with the 
laser energy density (Fig. 9 and 10). The average deposit line resistance is dependent 
on the laser energy density at 0.53/mi wavelength. This is shown for undoped GaAs
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in figure 11. A nearly linear relationship was found between the average deposit 
resistance and the laser energy, above a critical formation energy density. Deposit 
resistance decreased from around 30 megohm at laser energy of 0.166 Joule/cm2 to 
around 2 Kn at laser energy of 0.31 Joule/cm2 at a laser wavelength of 0.53/im.
It is noted, that to be entirely accurate, deposit resistance values could be 
expressed in terms of the deposit sheet resistance. The measured deposit resistance 
values is multiplied by the ratio of deposit line width and the distance between the 
two probes. The line width average value was about 0.5 mm. The distance between 
the probes was kept constant at 1.0 mm. Therefore, the actual resistance would 
differ by a multiplication constant (less than 1). The actual resistance is not the data 
of interest rather the trend of the data is important.
Figure 9 shows the relationship of gold deposit lines to laser energy density at 
1.06gm wavelength and 5 pulses per spot on undoped GaAs immersed in the gold 
plating solution (Table 6). Deposit line resistance values were found to be in the 
range of kilohms. They decreased nearly linearly, past a formation energy, with 
increasing laser energy density. The laser energy density range was 0.16 Joule/cm2 
to nearly 0.3 Joule/cm2 as shown in figure 11. At laser energy of 0.1 Joule/cm2 
deposit resistance was found to in the megohm range (2.5 megohm) as can be seen
in table 7.
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Resistance (Megohm)
All Experiments
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25
20
15
10
5
0
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Energy Density (J/cm#cm)
* 0.531 am, 1 Shot + 1.062 am, 5 Shots * 0.531 am, 5 Shots #2
n 0.531 am, 5 Shots #3 x 0.531 am, 5 Shots #4
95% Spot overlap, 0.5mm beam diameter
Figure 8 - Gold Line Resistance - all experiments
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Resistance (Megohm)
All Experiments
with values > 1 Megohm removed
0.01
0.008
0.006
0.004
0.002
0
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Energy Density (J/cm*cm)
+ 1.062 um, 6 Shots * 0.531 um, 5 Shots #2
a 0.631 um, 5 Shots #3 x 0.531 um, 5 Shots #4
95% Spot overlap, 0.5mm beam diameter
Figure 9 - Gold Line Resistance - values > 1 Megohm removed
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1.06 and 0.53 um CONSOLIDATED 
with values ) 1 meg removed
Resistance (Megohm]
U.UI
0.008
* +
* +
0.006
*
* *
+ *
0.004
+ *
0.002
4- *
*
L 1 1 1 1 1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Energy Density (J/cm*cm)
+ 1.062 am, 5 Shots * 0.531 am, 5 Shots
95% Spot overlap, 0.5mm beam diameter
Figure 10 - Gold Line Resistance - Consolidated
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Oxidation-Reduction Processes
The proposed mechanism of laser induced metal deposition from electrolytic 
solutions was the chemical reduction of metal to metal complex ions. The reduction 
was caused by photogenerated electrons, created by the laser, as electron hole pairs 
at or near the semiconductor surface/4,5’6’7)
Cathodic Reactions
The reaction describing the cathodic reduction of gold cyanide complex cations 
to gold atoms on GaAs substrate surface was suggested as follows.(14’15’16)
Two stages were suggested:
Au(CN)2- < = = > AuCN + CN’ (10)
AuCN + e --> Au + CN’ (11)
Also direct reduction of Au(CN)2, in one stage, was postulated/14)
Au(CN)2’ + e' --> Au + 2CN'
NOTE: The arrows suggest the direction of the reaction.
(12)
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Anodic or Oxidation Reactions
The anodic or oxidation reaction involved the consumption of hydroxyl ions from 
the aqueous electroplating solution. These were high pH solutions.
4OH" ~> 2H2O + O2 + 4e' (13)
The anodic reaction could also be written in the following way:
4OH" + 4h -> 2H2O + O2 (14)
Where h represent the photogenerated holes derived from the photogenerated 
electron-hole pairs in and on the laser irradiated GaAs semiconductor.
Chemical reaction equation 14 suggests free oxygen should be generated as a 
byproduct of the deposition of gold. A cloud of material was observed as the laser 
hit the surface and it dissipated rapidly back into the solution. This could have been 
all the chemical reaction products and an indication of localized pH variation. With 
chemical equation 12 there would be 13 gold atoms released for every O2 molecule
formed.
Following reaction equation 14, a change in the local pH at the semiconductor 
electrolyte interface should be detected. However, it would be almost impossible to 
detect such changes due to a lack of a fast response pH instrument. To trace these 
pH changes, in situ, would require a pH instrument capable of responding with a 15 
ns reaction time. The 15 ns reaction time is due to the 15 ns laser pulse that initiates
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the deposition process. If the pH neutralization were a slower process then an 
instrument could possibly detect a change. The pH probe would have to be 
protected from the laser pulse and the swarm of gold atoms created. The pH probe 
could be plated with gold since it would be in close proximity to where deposition 
would take place.
Effect of Laser Energy Density
The formation of laser induced metal deposition from aqueous solution on 
semiconductor substrate was affected by relatively few factors and immune to slight 
variation in the process. One of the most important parameters was the laser energy 
density. This can be seen by referring to the resistance versus energy density curves 
(figures 9-11).
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Deposit Surface Heating. Structure and Morphology
The effect of the laser energy density, on the structure and morphology of the 
gold deposit on undoped GaAs, was very pronounced. The laser created surface 
changes on the GaAs substrate material. These changes were observed by using an 
optical microscope. Deposit surface roughness increased with increased laser energy 
density. This was observed for both the 0.53/xm and 1.06Atm wavelength on undoped
GaAs.
Furthermore, when laser energy densities in the range of 0.3 Joules/cm2 were 
used, severe damage of deposit surface could be observed. This resulted from 
heating and melting of the GaAs surface as suggested in stage two of the deposition 
mechanism (see MECHANISM section). Typical surface damage was characterized 
by the presence of craters and "frozen-in-place" boiling like events, as seen through 
the microscope.
When high surface temperatures are required to induce metal (gold) deposition 
onto the surface, structural damage can be introduced into the substrate by both the 
direct effects of the stronger laser pulse and the additional strain induced into the 
substrate by the additional greater temperature differential of the process. These 
comparisons are valid when comparing a high surface temperature process to a low
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surface temperature process. This is particular important in the semiconductor 
device fabrication industry, where additional surface damage and surface strain will 
result in reduced yield of electronic components. Strain can also cause the device 
to operate in an unexpected manner. This unexpected manner can be both positive, 
as is the case for strained super lattices used for infrared detectors, and undesirable 
when the operating parameters of a device are radically different from what was 
expected on a production line.
GaAs semiconductor surface, covered with a thin deposited layer of gold, was 
reported to undergo heating and melting process when exposed to pulsed laser 
radiation for annealing purposes/9'1 Furthermore, in recent work/11) the relationship 
between the change in semiconductor temperature and laser energy density was 
postulated as follows:
Ar= ((l-g)x/xfp)
_i
(CvXQx(2xdxt/)2')
(10)
where:
AT - Temperature Rise (C°)
g - Mass Density
tp - Laser Pulse Duration
46
d - Thermal Diffusion Coefficient
I - Laser Energy Intensity
- Specific Heat
R - Reflectivity (temperature and GaAs state
dependent)
(2dtp)ly/2 - Surface Layer Thickness
If one inserts the values for the laser operating conditions in this work, as well 
as the appropriate values for GaAs, a temperature rise could easily exceed 1300 
Centigrade degrees, at the irradiated surface. The melting point of GaAs is 1238 ° C. 
As the surface temperature rises, it produces a molten layer. The depth of this layer 
is (2dtp)1/2. The deposited gold could diffuse very easily into the GaAs substrate, as 
suggested in stage B of the deposition mechanism.
Evidence for the fast interdiffusion of laser induced gold deposit into the GaAs 
substrate to the depth of one micron was found by Rutherford backscattering (RBS) 
depth profile analysis. Heating and melting processes, which were associated with 
pulsed laser irradiation on the GaAs semiconductor surface, led to deposit surface 
roughness. This also resulted in the interdiffusion of gold into the GaAs substrate. 
Thus, laser deposited gold was incorporated into the GaAs substrate. This resulted 
in a gold line that was atomically joined to the GaAs substrate and was therefore 
very adherent to the substrate. The gold possibly made some compounds with the
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Ga or As as it cooled. This was reported in a recent work(9) and is suggested in the 
second stage of the proposed deposition mechanism.
Deposit Electrical Behavior
Gold deposit line resistance, on undoped GaAs, was correlated with the laser 
energy densities used to form the lines (figs. 9-11). Deposit resistance decreased with 
increasing laser energy. It reached low resistance values in the 2 Kn (kilohm) range. 
The decrease in deposit resistance (see fig. 9 for example) resulted from the increase 
in gold concentration. These were obtained under the same laser energy range and 
on the same sample of GaAs substrate (fig. 10).
For example, at energy level of 0.28 Joule/cm2, deposit resistance was 
approximately 3 Kn. The corresponding gold deposit concentration was 1.5xl017 
atoms/cm2. This amounted to an apparent thickness of 1800A (see fig. 11).
At 0.15 Joule/cm2, deposit resistance was 8 Kn and the deposit concentration was 
1.25xl017 atoms/cm2 (fig 10,11). One would prefer to get the low deposit resistance 
(< 2 Kn) at the low energy (0.15 Joule/cm2). However, to reach that situation, one 
would need to deposit gold in the amount of 4.5xl017 atoms/cm2. That would be
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possible by increasing the number of laser pulses per spot or possibly using a shorter 
wavelength than 0.53/xm while keeping the same value of energy fluence.
It is noted that deposit resistance decreased from the range of megohms at 1 
laser pulse per shot (Table 7, Experiment 1) to the range of kilohms when 5 pulses 
per spot were employed under the same depositing conditions (Table 7, Experiments 
2, 3, 4 ).
Effects of Laser Wavelength
At various laser wavelengths and maintaining a constant energy density, it was 
intended to gain more information on the suggested photoelectrochemical deposition 
mechanisms. By making use of the laser wavelengths of 1.06/xm and 0.53/xm, under 
the same energy fluence means that the 1.06/xm wavelength the energy per photon 
would be smaller compared to photon energy at 0.53/xm. However, the number of 
photons at 1.06/xm would be greater in order to keep the same energy fluence.
At the wavelength of 1.06/xm, compared to 0.53/xm, one would expect to get less 
gold deposited. However, more energy would be associated with heating and melting 
the substrate surface as a result of more photons striking the surface.
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Indeed, substantial damage in the gold deposit surface was characterized by craters 
and voids. This was found when 1.06/xm was employed on undoped GaAs, as was 
observed through an optical microscope.
These findings indicated that by changing the laser wavelength, while keeping the 
energy fluence constant, significant changes occurred in the type of deposit observed. 
This type of deposition relates to the surface damage and not to the type of electrical 
contact formed. The 1.06 wavelength created more surface characteristics than 
the 0.53 wavelength. If laser induced deposition processes were only a thermal 
processes,(1) then no changes should be observed between the different wavelengths, 
since the total energy fluence was kept at a constant value. This was not the case. 
While the deposit resistances were indistinguishable from an electrical point of view, 
the appearance of the surface was markedly different. It is clear the process of gold 
line formation is not entirely thermal. It is not even clear if both lines were formed 
by the same mechanism.
CHAPTER V
SUMMARY AND CONCLUSIONS
Based on the results obtained in this work the following are summarized
conclusions.
It has been demonstrated that gold can be deposited on undoped, GaAs (100) 
semiconductor substrates immersed in a standard, commercially available 
electroplating solution of potassium gold cyanide ( KAu(CN)2 ). This process was 
accomplished by using the fundamental and second harmonic of a pulsed Nd:YAG 
laser. The gold is deposited only in the areas the laser irradiated the surface of the 
semiconductor. The procedure does not rely upon masking of the surface to define 
those regions to be plated. Additionally, there is no external power required to assist 
the deposition process. This selective plating relies only on the accuracy of the 
sample motion, laser wavelength, energy density, fluence and the laser spot size. This 
procedure is a very simple, one step process which avoids the problems inherent in 
other plating processes (see introduction).
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The laser beam generates electron-hole pairs. The rate of electron-hole pairs 
generation was shown to be dependent upon the wavelength and energy of the laser 
beam. The laser energy caused localized heating of the GaAs surface. The heating 
produced a molten surface layer of GaAs.
The creation of the molten layer allowed the gold to diffuse into the liquid GaAs 
at the liquid diffusion rate. The liquid diffusion rate is orders of magnitude faster 
than the solid diffusion rate. The gold would be incorporated into the molten 
material as the molten area recrystallized. The GaAs-gold intermix would grow 
single crystal from the non-molten material to the surface of the molten layer as 
determined by RBS. The molten layer subsequently solidified to give an intermix of 
compounds after the laser pulse terminated.
Continuous and homogenous gold deposit lines were obtained on GaAs substrate. 
These gold deposits were well defined lines with distinct sharp edges. The edges 
represented the extent of the energy required for formation of the gold lines. The 
lines were homogenous and reproducible. The reproducibility is demonstrated by the 
small variation in resistance between different lines formed under the same operating 
condition. These deposited lines had a resistance as low as 2 kilohms. The 
resistance exhibited a strong dependence upon the formation conditions consisting 
of energy density, number of pulses and wavelength, as shown earlier.
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The measured thickness of the gold deposit was 1800A while the calculated was 
400A (Appendix B). This was using a very simple model for the formation of gold. 
One gold atom for every e-h pair. If the model suggested in the mechanism portion 
of this thesis were used to calculate the depth of the gold deposit it would be 
significantly lower than even the one e-h pair for each gold atom deposited since e-h 
pairs would be required for the chemical reactions in addition to the gold deposition. 
It appears there is another mechanism at work in the formation of gold or the 
method to measure the thickness of gold has an inability to measure the thickness. 
Another alternative could be the plasma and the molten GaAs disassociated the gold 
from the solution. This was not determined as part of this thesis.
The general relationships between deposit resistance and formation conditions 
are: an increase in energy density causes a lower resistance in the gold lines. An 
increase in the number of pulses also resulted in a lower line resistance. One 
example was the reduction in resistance from megohms at 1 pulse per location to 
kilohms when 5 pulses per spot were used (Table 7, Exp. 1 and Exps. 2, 3, 4 ). The 
shorter wavelength exhibited a comparable resistivity to the longer laser wavelengths.
The ratio of the gold line resistivity at 1.06/xm and 0.53/nn was less than the 
expected two if the resistance was only due to the number of photons. The reason 
for the expected factor of two, is there are one half the number of photons at the 
shorter wavelength than at the longer wavelength in order to maintain the same
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fluence. The ratio of two would be expected if the only process was the difference 
in the number of photons. The phenomena, of the unexpected result, would be tied 
to the complex interaction of surface heating, the gold deposition process, and 
differences in the optical parameters of the GaAs at different wavelengths and the 
energy of the respective photons.
The difference in optical parameters would cause in-depth heating at 0.53/xm and 
more localized surface heating at the 1.06Mm laser wavelength. GaAs is more 
transmissive at 0.53/mi than at 1.06/im. This allows the laser to penetrate further 
into the bulk material. The greater depth of penetration at 0.53/xm could result in 
reduced surface heating and its collateral surface damage.
Surface damage characterized by craters and irregular surface defects, as seen 
under a microscope, display a strong energy and wavelength dependence. The 
damage increased for corresponding increases in energy density (increased number 
of electron-hole pairs created) and increased wavelength (larger number of photons 
at a given energy and greater surface absorption). This is intuitively reassuring.
Gold was deposited in different orientations on the GaAs (100) material. From 
this, it is possible to deduce that the deposition of gold on the GaAs surface in any 
orientation can be achieved. Since the deposition is orientation independent, it could 
take place in any geometric shape or size. The shape and size would only be limited
54
by the computer program. The program controls the motion of the electroplating 
cell and therefore the substrate itself. The limiting factor influencing the size of the 
shape the laser can create is the beam size. A large beam is unable to create a 
small, complicated geometric shape without masking of some kind.
Continuous deposits of gold from a commercial plating solutions on intrinsic 
(100) GaAs using a Q-switched Nd:YAG laser was accomplished. The lines are still, 
after many years, in their original condition. They cannot be removed by the use of 
Scotch tape placed on top of the deposited gold line and then peeled off. The use 
of Scotch tape is a standard ASTM test method of testing film adherence. The gold 
lines have a bright solid appearance.
Accidently, a sample was left in the KAu(CN)2 solution overnight. The sample 
had been irradiated with both 1.06 and 0.53/xm, in different areas. In the morning, 
the sample was removed from the solution. The reverse side of the sample had the 
negative gold pattern that had been plated on the top side the previous day. The 
1.06/xm areas are very distinct while the 0.53/mi are faint, but still noticeable. Gold 
was also deposited on the back surface along the edge of the sample itself. The gold 
had deposited approximately 5 mm along the edge of the sample. This should be 
investigated further.
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As has been demonstrated, the deposition of gold from a commercially available 
plating solution without masking or external power is possible. The effect of the 
deposition parameters (number of pulses, wavelength, and energy) were correlated 
to the characteristics of the deposited line. An increase in any of the parameters 
resulted in a reduced line resistance. The results accomplished what was originally 
proposed to be accomplished in this study. The experiment was more successful than 
could be expected from its inception.
CHAPTER VI
FUTURE PROPOSALS
Investigations should be made to determine the effect of 0.355/xni wavelength 
upon the gold deposition process. The increased energy per photon could elicit 
faster deposition with fewer pulses and less damage to the substrate. The solution 
is more than 80% transmissive at this wavelength. This would allow most of the 
energy to be deposited at the GaAs surface.
The possibility of combining the different wavelength (1.06, 0.53, 0.355/xni) into 
one pulse would be a logical follow on to this work. With the different optical 
characteristics of GaAs at different wavelength and the ability to separate the pulse 
arrivals in time, the heating and plasma creation could be tailored for the particular 
process. The energy of each wavelength could also be adjusted for further tailoring 
of the process.
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The GaAs could be pre-irradiated with an energy below the formation of 
electron-hole pairs or the electronic plasma. This preheating could be done through 
a significant portion of the bulk with the selection of the proper wavelength. The 
next arriving pulse could be used to firmly plate the gold onto the surface and the 
third arriving pulse would reinforce the plating already taken place. The timing of 
the pulse arrivals could be adjusted by changing the path length of each wavelength. 
Time changes are possible from nanoseconds to tens of nanoseconds. A difference 
of 1 ns involves a path length difference of approximately 30 cm.
The ultimate test would be to use hybrid or integrated circuits and test the 
feasibility of repairing the traces and contacts on both types of devices. The small 
size of the conducting traces on the devices would force a reduction in the laser spot 
size from its present 200£fcm to lgm. The one micron spot size would be on the 
order of a wavelength of the laser being used. The precision of the optics are not 
possible at this time at the current facility. If the surrounding area is unoccupied, a 
larger spot could be used successfully.
Possible difficulties could arise in moving the technology from the lab to a 
commercial environment, but the technology would allow the repair, during or after 
fabrication, of otherwise unusable devices. The process could be extended to 
incorporate the direct writing of circuit lines, by computer and controlling the laser. 
This would allow rapid response to changing design conditions. The responses to
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changing conditions would be limited to the ability to reprogram the computer. This 
process would lend itself to an entirely computer controlled production facility.
The gold lines, on the reverse of the sample accidentally left overnight, should 
be investigated further. This is to determine if the gold had migrated through the 
entire bulk. The migration of the gold through the bulk is doubtful, since the speed 
of the gold migration would have to be much faster than the solid mobility of gold
in GaAs would indicate.
The growth of the gold along the edge should be investigated to see if it grew 
from the sides or through the bulk. The mechanism of this auto-plating should be 
investigated to determine its effect on future production. The effect should be 
studied in relationship to the desired plating and the impact of auto-plating on the 
subsequent processing of the devices. None of the other samples exhibited similar 
migration of the gold, even after three years, but the other samples were removed 
from the gold plating solution immediately and cleaned after the plating was 
completed.
APPENDIX A
Beam Separation
By the use of dichroic mirrors, two wavelengths can be separated and different 
operations can be performed on either beam. They are tuned to only reflect specific 
wavelengths of light and to pass all others. This allows the two wavelength to be 
operated upon independently. In both cases, the energy of the individual beams can 
be reduced independently and then recombined into the same beam path. It is 
critical to have both beams travel the same path after they are recombined. This 
gives assurance that the beam travels where expected and that the energy of the first 
the second will follow directly in the path of the first. The energy reduction is 
accomplished by using a half wave plate in the optical path and a Pockell’s Cell (PC) 
(aka Polarizing Cube, aka Gian-Thomas Prism). Only one polarization of light is 
permitted to go through the PC, all other being reflected into an energy dump (Fire 
brick). Since the 1.06/xm beam is circularly polarized, it must first pass through a 1/4 
wave plate to be linearly polarized so the 1/2 wave plate and PC acting in 
conjunction can control the energy passed.
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Figure 12 - Beam Separation
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The beam enters the wave plate (WP) and is rotated by a given amount. The 
Pockell’s Cell (PC) takes the wave and dumps the energy which is not properly 
polarized. The beam travels on to where it is recombined onto one optical path. 
The alignment of the optics is a difficult job. It is made a little easier by the use of 
a HeNe alignment laser directed down the center of the beam paths. It still requires 
an entire day to accomplish.
All of the mirrors are anti-reflective (AR) coated and are mounted on two-axis 
controllable mounts. By varying the alignment the beam can be moved left and right 
or up and down. The alignment was accomplished by maintaining the same height 
of the beam around the table and varying the horizontal displacement so when the 
beams were recombined they would be coincidental. They would both (1.06 and 0.53 
fj.m beams) travel the identical optical path with no displacement, either vertically or 
horizontally. By using the red, eye-safe, HeNe alignment laser correct alignment 
could be obtained with relative safety. When the two paths were properly aligned 
the difference in the path lengths would cause the superimposed alignment laser 
spots to pulsate (beat-frequency). All optical elements from the second harmonic 
generator (SHG) crystal had to be aligned in this manner. If any of the optical 
elements were misaligned it would cause diffraction and possibly distort the laser 
beam or cause the beam to be clipped (physically blocked) by an optical table
element.
APPENDIX B
Laser and Matter Interaction
This is a brief introduction to the interaction of the laser and matter. It is a
general overview and not meant to be all inclusive. Many of the details have been 
left out. This results in a set of equations, which are functional and accurate within 
experimental error.
A pulsed laser is capable of delivering a great deal of power in a very short time 
period. A 10 ns pulse with 1 Joule of energy delivers 1x10s Watts of power. This is 
the amount of power produced by a medium to large power plant. This energy, when 
applied to a solid, is coupled into the structure of the material.
This coupling involves the optical properties of the material. In this case, the 
optical properties of GaAs. For a long time(1) the optical properties of 
semiconductors are strongly influenced by free carriers. The wavelengths used are
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beyond the absorption edge. The dispersion relationship (in cgs units) as a function 
of frequency:
n1 2 - k2 = ex- 4k — (— ---- ) (H)
m* 1+q2t2
2nfc = ) (12)
1 + g)2t
The angled brackets (()) denote integrals over time.
where: n = index of refraction
"n"= n+ik (complex refractive index)
"n" is a constant for isotropic matter
k = extinction coefficient
e « = frequency independent bound carrier
contribution in the wavelength region of the 
free carrier dispersion
N = free carrier concentration 
m*= effective mass 
t = reaction time of free carriers 
to = optical frequency
The absorption of laser light in matter takes place to a certain depth, 6, which 
is called the absorption length.
6 1 _ A.
a 4nk
(13)
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The absorption coefficient a is the inverse of 6 and it is used to calculate the 
laser intensity at a certain depth z in the material according to:
I(z) = (1-R) Io exp (-az) (14)
where: Io=incident laser intensity (w/cm2)
R = reflectivity
The power is:
P(z) = --^^ = a(l-P)7oexp(-az) (15)
oz
For low intensity laser irradiation photons are absorbed by the material in a 
linear one-photon process. For photon energies hv smaller than the bandgap, Eg, of 
a semiconductor the absorption of energy is due to lattice vibration. This is the case 
when infrared radiation is used with GaAs. The coupling between photon and 
phonons is weak resulting in a low absorption process and therefore low electron- 
hole pair creation. The carriers are created at a rate g = P/hv. From the above 
equation we can find, at the surface, the creation or generation rate of electron-hole 
pairs using the specified laser energy.
For a typical laser pulse with an energy density of Eo of 1 J/cm2, a pulse length 
of 10 ns and a nominal beam diameter of 0.5 mm there is a peak power density of 
IxlO18 watts/cm2. With the same beam diameter, r, of 0.5 cm and absorption 
coefficient, a = 104cm_1, for crystalline GaAs, a laser wavelength of A = 0.531 p,m 
(visible) will result in a carrier generation rate, g, of approximately 1029 electron-hole
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pairs cm'3s_1. This is the maximum number of carrier pairs which would be available 
for the disassociation of the solution and deposition of gold on the semiconductor or 
conductor surface. If this energy was applied to a single 0.5 mm spot the resulting 
gold deposition would be, at most, 1029 atoms or a thickness of approximately 420A 
thick (compared with a measured 1800A).
A crystal composed of basic face centered cubic (fee) crystal like gold (5.576 A 
cube), arranged in an n x m x 1 matrix, will be composed of 
(n + l)(m +1)(1 +1) + (n + l)ml+n(m +1)1+nm(l +1) atoms. To determine the number 
of possible gold atoms deposited we will assume the number of base nxm cubes is 
very large compared with 1. Therefore in the limit the number of atoms will be 
nm2{l+(l+1)} = 2mn(21+1), where 1 is the number of layers of fee crystals.
The laser beam (15 ns FWHM) forms a spot 0.5mm in diameter. This is an area 
of 1.96xl0'3cm2. GaAs has an absorption coefficient (a), at 0.53 nm and room 
temperature) of 7.8xl04cm_1. The generation rate of 1029 electron-hole pairs per cm3 
per second per laser pulse results in an actual generation of 1029 x 15ns x area x 1/a 
or 3.78xl013 e-h pairs.
To simplify the calculation of the number of cubes composing the base of the 
gold crystal we will use a square of the same area as the laser spot. The length of 
the sides will be yarea=0.04431 cm. You can insert 0.04431/5.576X10"8 « 800,000
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cubes of gold in this distance. So the base is composed of 6.32xlOn cells of gold. 
The assumption used in the calculation of the number of atoms in a fee cubic crystal, 
that the number of cells is much greater than 1 is valid.
The number of rows of gold atoms will be, using the formulation for the number 
of atoms in a crystal composed of fee cells, will be:
3.78x1013/{2(794680)2} = (21+1) (16)
This results in 15 cells high, or 84 A high layer of gold. But there are 5 pulses so this 
should be five times as much or 420A thick. The discrepancy between the measured 
versus calculated thickness could be a result of the technique by which the thickness 
was measured. If some of the gold migrated, the measurement technique may not 
be able to distinguish between the plated gold and the gold incorporated into the
semiconductor matrix.
APPENDIX C
GOLD LINE FORMATION CONDITIONS
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